Sarcomere number change was investigated in an animal model of tendon transfer. In 9 adult New Zealand white rabbits, the flexor digitorum longus muscle was cut distally and transferred and woven into the tibialis anterior tendon. Ankles were then immobilized for 3 weeks in 75°flexion. Transferred flexor digitorum longus muscles were harvested and complete architectural analysis was performed. Sarcomere lengths were measured using laser diffraction. Serial sarcomere number in transferred flexor digitorum longus fibers was a strong function of the sarcomere length at the time of transfer. A highly significant negative correlation between these 2 parameters was approximated by a linear relationship. Based on this finding, we conclude that serial sarcomere number is significantly affected by the degree of stretch during the transfer itself. This could easily compromise the purpose of surgical tendon transfer by reducing the procedure to little more than a tenodesis. (J Hand Surg 2000;25A: 138 -143.
Muscle fiber length is the single most functionally important structural feature of skeletal muscle. 1 It has been demonstrated that muscles of the upper extremity have a wide range of fiber lengths, which directly determines the excursion and velocity of the muscle itself and has major implications with regard to surgical tendon transfers. 1, 2 Muscle fiber length at the macroscopic level is a simple reflection of the number of serial sarcomeres arranged along the fiber at the microscopic level. This sarcomere number has been shown to be adaptable in response to chronic length changes. Such chronic length changes are common in orthopedic surgery, for example, when a joint is immobilized for an extended period of time, when a muscle's tendon is cut secondary to a flexor tendon injury, or when a muscle-tendon unit is transferred during surgical reconstruction.
Animal experimentation clearly demonstrates the plasticity of sarcomere number. For example, when a muscle is immobilized in a chronically lengthened or shortened position, serial sarcomere number adapts such that maximal force and optimal sarcomere length are produced at the position of immobilization. [3] [4] [5] This finding is clearly true for the highly adaptive soleus muscles of rodent muscle but is not necessarily true in all muscles, even in other muscles of the rodent hind limb. 3 Unfortunately, these results from immobilization studies have been extrapolated to indicate that muscle serial sarcomere number will adapt any time a muscle length is changed so that the resulting sarcomere length will be optimized for that joint angle of activity, presumably to maximize force production. The difficulty in extrapolating results from immobilization studies to surgical procedures, however, is that the signal that causes serial sarcomere number to adapt is not known. 6 Sarcomere number may change within a muscle fiber so that optimal sarcomere length is determined at the angle of joint immobilization or it may simply be determined by the resting passive tension within the skeletal muscle. 7 In addition, while sarcomere number does seem to adapt in the deep plantar flexors of rodent muscles, such immobilization studies are always performed within the physiologic range, which may not be the case after hand surgery. We 8 previously reported experimental evidence that in several tendon transfer cases the sarcomere length achieved was extremely long relative to the optimal sarcomere length. We interpreted these data as indicating that the passive tensions typically chosen by hand surgeons for tendon transfer reattachments may be excessive and may result in overstretching of muscle fibers and their composite sarcomeres. If the ability of a skeletal muscle to adapt depends on the sarcomere length at the time of transfer, then variability in functional outcome would result based on the sarcomere length achieved at the time of the transfer. Thus, in light of the extreme functional importance of serial sarcomere number and the general lack of understanding of the mechanical and biologic factors that regulate it, the purpose of this study was to measure serial sarcomere number in a transferred rabbit flexor digitorum longus (FDL) muscle as a function of sarcomere length at the time of transfer. We used this model to distinguish between the following hypotheses: (1) serial sarcomere number adapts independent of transferred sarcomere lengths such that optimal sarcomere length is always achieved at the angle of immobilization and (2) serial sarcomere number is dependent on transferred sarcomere length, yielding differing results depending on the sarcomere length at the time of transfer.
Materials and Methods

Animal Model Used
Adult New Zealand white rabbits (2.95 Ϯ 0.10 kg, n ϭ 9) were used for the study and were permitted normal cage activity and hay and water ad libitum.
Under general anesthesia (Hypnorm 0.2 mL/kg, Janssen Pharmaceutica, Beerse, Belgium [fentanyl citrate at 0.315 mg/mL and fluanisone at 10 mg/mL] and Stesolid 2.0 mg/kg, Dumex Ltd, Copenhagen, Denmark [diazepam at 10 mg/mL] via intraperitoneal injection), an incision was made on the lateral aspect of the right hind limb. The FDL tendon was cut at the level of the lateral malleolus, transferred, and weaved into the tibialis anterior tendon that had been cut at the level of the musculotendinous junction (Fig. 1) . The FDL was chosen based on its natural course, which permitted transfer across the ankle joint, and its relatively flat profile, which enabled noninvasive laser diffraction measurements of sarcomere length. With the ankle in 75°flexion (90°i s the perpendicular tibiotarsal angle and 0°is equinus position), the tendon transfer was secured with 4 -0 Ticron sutures (Davis & Geck, Danbury, CT). During the transfer itself, while maintaining the ankle position, muscle length was adjusted across a range of sarcomere lengths from approximately 3 to 6 m. The passive tension of the muscle under these conditions was considered subjectively as ranging from moderately to highly stretched. Since all transfers were placed under considerable tension, 2 Ethilon sutures (Ethicon, Inc, Somerville, NJ) were inserted into the donor tendon and 2 were placed in the recipient tendon ( Fig. 1 , magnified circled region) to measure possible elongation at the repair site during the healing phase. The skin was closed with Ethilon sutures.
In Vivo Sarcomere Length Measurements
During the tendon transfer, sarcomere length was measured using laser diffraction. For a complete explanation of this method with regard to accuracy and repeatability, see our previous report. 9 The flat FDL was transilluminated with a Helium-Neon laser (model LHR-007; Melles-Griot, Irvine, CA) while maintaining the FDL in its normal anatomic position (Fig. 2) . This was important so that sarcomere lengths measured in the in vivo position did not reflect artificial elongation due to excessive elevation of the fiber bundle. Previous experience with this method indicated that elevation of the fiber bundle by approximately 2 mm increased sarcomere length by approximately 0.2 m, which would still not affect the qualitative conclusions of this study. The diffraction pattern was analyzed and converted to sarcomere length using the standard grating equation n ϭ dsin, where is the laser wavelength (0.632 m), d is sarcomere length, is diffraction angle, and n is the diffraction order (2 in all cases).
Hind Limb Immobilization
Immediately after surgery the ankles were immobilized at 75°flexion for 3 weeks using a plastic X-lite Splint (Runtech Medical, Brussels, Belgium) and maintaining the toes within the cast in a neutral position. The entire procedure, including tendon transfer, sarcomere length measurement, and cast application, was completed in 45 to 60 minutes. The animals behaved normally after recovery from anesthesia.
Muscle Architectural Analysis
After 3 weeks of immobilization, rabbits were anesthetized and killed with pentobarbital. The hind legs were disarticulated at the proximal femur, skinned, and fixed for 2 weeks in 4% paraformaldehyde in water, maintaining the ankle in 75°flexion. The contralateral nonimmobilized hind limb was also disarticulated and chemically fixed in 75°flexion. After fixation and rinsing of the tissue in phosphatebuffered saline, the FDL muscles were dissected free of the bone and small fiber bundles were teased from the most dorsolateral portion of the FDL according to methods developed by Sacks and Roy. 10 The muscle fiber bundle length was measured directly using a digital filar eyepiece attached to a dissecting microscope (model 112983; Lasico, Los Angeles, CA). The sarcomere length was measured in at least 3 fiber bundles as described by Lieber and Blevins, 11 yielding 9 sarcomere length measurements from each muscle. Pilot experiments revealed no significant difference between sarcomere lengths along the fiber length; thus, the 3 values for each muscle were averaged to yield 1 sarcomere length value per muscle.
Fiber lengths were normalized to a sarcomere length of 2.5 m to minimize variability due to small length differences during fixation using the equation FL N ϭ (2.5/SL RAW ) ‫ء‬ FL RAW , where FL RAW is the raw fiber length measured, SL RAW is the raw sarcomere length measured, and FL N is the normalized fiber length, corrected to a sarcomere length of 2.5 m. The serial sarcomere number was calculated for each fiber bundle by dividing the mean fiber bundle length by the mean sarcomere length and the 3 bundle values were averaged to yield 1 serial sarcomere value for each muscle.
Statistical Analysis
The sarcomere number was compared across different degrees of stretch by regressing the sarcomere number on the sarcomere length measured at the time of transfer. Comparisons between immobilized and nonimmobilized muscles were performed using 1-way ANOVA. The significance level (␣) was set at .05.
Results
Gross Morphology
The FDL muscles appeared essentially normal, although substantial adhesions and discoloration occurred in the distal tendon. The repair site was swollen but the attachment in all immobilized animals was intact. Suture spacing was measured during the transfer procedure and compared with the suture spacing measured at the time of death. In only 1 case did suture spacing increase (which would result in an underestimation of degree of stretch for this animal); this animal was excluded from the study. For the 9 animals reported, suture spacing remained constant. The values presented here thus are not confounded by slippage of the repair site. This was noteworthy because the highly stretched repairs were sutured under high tension.
Sarcomere Length Values
The sarcomere length at the time of transfer varied continuously across the range from approximately 3.5 m to approximately 5.5 m, with the average sarcomere length being 4.50 Ϯ 0.21 m (Fig. 3) . This demonstrates that the difference in stretch among animal subjects was transmitted to the muscle tissue itself and not simply taken up by the compliant and relatively long FDL tendon.
Number of Sarcomeres in Series
The number of sarcomeres in series measured after transfer and immobilization showed a strong dependence on the degree of stretch at the time of transfer (Fig. 4) . If the muscle was to adapt by restoring the sarcomere length to a constant value, the sarcomere number would have been greatest for muscles that were stretched the most. This was not the case. In fact, the opposite result was obtained: the number of sarcomeres was significantly and negatively correlated to the sarcomere length at the time of transfer (p Ͻ .01, r 2 ϭ .67; Fig. 4) . The control muscle sarcomere number was 5,017 Ϯ 315 (n ϭ 9) and the transferred muscles demonstrated sarcomere numbers greater than and less than this value, indicating both serial sarcomere number addition and sarcomere number subtraction (Fig. 4, shaded bar) .
Discussion
The purpose of this study was to determine whether muscle serial sarcomere number adapts independent of transferred sarcomere lengths or whether it depends on transferred sarcomere length. Based on our finding that serial sarcomere number after muscle tendon transfer was negatively and significantly correlated to the sarcomere length at the time of transfer, we conclude that serial sarcomere number is significantly affected by the degree of stretch during the transfer itself.
Of course, this finding is only applicable to orthopedic surgery in general if the rabbit FDL muscle adapts to chronic stretch in a manner similar to that observed for human muscle. This is not a given, since different muscles, even within the same rodent model, change sarcomere number to different extents 3 and detailed studies of human muscle sarcomere adaptation are not available. This result would have profound functional implications if it was generally applicable to orthopedic surgery. Since muscle fiber length directly determines muscle excursion, alterations in serial sarcomere number will affect the range over which a muscle can contract. This alteration in range will directly affect the joint range of motion (ROM) that the patient will be able to attain after surgery, although the precise change in ROM may not be obvious. For example, if a muscle with a large moment arm is transferred into a position with a smaller moment arm and no sarcomere number change occurs, ROM will increase since the sarcomere length change per degree of joint rotation decreases. Of course, if muscle strength remains the same, a smaller postoperative moment arm will also result in decreased joint torque and, thus, patient strength. If, however, the muscle is highly stretched and sarcomere number does not increase, joint torque will decrease and ROM may not change; the surgical procedure will thus result both in lost ROM and lost strength. Of course, this argument assumes that transferred muscles behave as found in this study.
The fact that greater muscle stretch may result in smaller sarcomere number change presents a challenge to many surgeons since it has been widely advocated that a substantial degree of passive stretch can be, or even should be, applied to a transferred muscle-tendon unit. 12 Conflicting recommendations exist regarding the specific magnitude of passive tension at which a transferred muscle should be reattached. Some suggest that the donor muscle should be interwoven to the recipient tendon at maximum tension; others recommend that muscles should be reattached at approximately half of the total amplitude of the muscle-tendon unit. Neither of these recommendations has been experimentally tested and both may represent a misunderstanding not only of the adaptive capacity of muscle (as shown in this study), but of the physiologic effect of passive tension as discussed previously. 8 The mechanism of the effect reported here is unknown. The majority of the sarcomere number adaptation literature tacitly assumes that muscles will always add or subtract sarcomeres to restore optimal sarcomere length. 5, 6 The present results clearly are in opposition to this assertion. Based on the limited data available (Fig. 4) , a threshold for sarcomerogenesis is not obvious but may be closer to lengths of 4.5 m to 5.0 m, since sarcomere subtraction apparently occurred at these lengths. Structurally, the most logical candidate for regulation of sarcomere number is the giant elastic protein, titin, 13 which spans the A-I bands of the half sarcomere. We speculate that when excessively stretched, the sarcomere number-sensing mechanism is either disrupted or responds in an inappropriate manner given the high degree of stretch on the tissue. This would have the effect of reducing the relatively complex manipulation of muscle motors to restore lost function into a simple tenodesis using the muscle-tendon unit as a tendon. This is obviously undesirable and points to the need for systematic and accurate experimentation on the adaptive properties of skeletal muscle during tendon transfer surgery.
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